A procedure was developed to isolate tomato mesophyll protoplasts in amounts sufficient for studying virus infection and multiplication. The infection of protoplasts with a tomato strain of tobacco mosaic virus occurred most efficiently when the inoculum contained I #g]ml virus, I #g/ml poly-L-ornithine and o.oi M-phosphate buffer, pH 6"7. The efficiency of infection was influenced by the concentration of ions as well as by the pH of inoculation buffer. The virus infected protoplasts of plants homozygous for the gene Tm-2 ~, which is responsible for TMV-resistance of intact leaves, and multiplied as rapidly in them as in protoplasts from the susceptible parent line. In TMV-inoculated leaf discs prepared from the resistant plants, however, the growth of virus was very limited when compared with the large yield of virus obtained from leaf discs of the susceptible plants. The possible nature of the resistance is discussed in the light of these findings.
INTRODUCTION
demonstrated in their pioneering work that tobacco mosaic virus (TMV) infects protoplasts from the locule tissue of tomato fruit. A more refined method has been developed by Takebe and co-workers who isolated protoplasts from leaf mesophyll of tobacco, inoculated them with TMV and investigated virus replication as well as the biosynthesis of virus RNA and proteins (Aoki & Takebe, I969; Takebe & Otsuki, I969; Sakai & Takebe, 2974; Aoki & Takebe, ~975) . Because the fruit locule tissue is a much less convenient source of protoplasts than the leaf mesophyll, it is desirable to establish a leaf mesophyll protoplast system with tomato, an important host of TMV.
Tomato is usually very susceptible to TMV and is severely affected by infection with this virus. A few genes controlling the resistance of tomato to TMV have been extensively studied and utilized to breed resistant varieties (Pelham, I966; Alexander, I970 . However, the nature of resistance conferred by these genes is not understood. Protoplast systems seem to be potentially useful for obtaining insight into the mechanism of genetically controlled resistance of tomato to TMV infection, because far more detailed studies of virus infection and multiplication are feasible using protoplasts than intact tissues (Takebe, I975) .
This paper describes a method devised to prepare tomato leaf mesophyll protoplasts and the factors influencing their infection by TMV. Protoplasts were also isolated from leaves of tomato resistant to TMV, and were compared with the protoplasts from susceptible tomato with respect to virus infection and multiplication. F. MOTOYOSHI AND N. OSHIMA
METHODS
Virus. TMV-L, a tomato strain of TMV (Oshima, Geto & Sato, I964; Oshima, Ohashi & Umekawa, 197I) was used throughout this study. Virus was purified by the method of Fraenkel-Conrat (I966) from the inoculated leaves of Lycopersicon esculentum cv. Fukuju No. 2 harvested 6 days after inoculation. The purified virus was dissolved in o.i M-sodium phosphate buffer, pH 7"o, and was stored at -7o °C until use.
Plants. Lycopersicon esculentum cv. Fukuju No. 2 was used as the source of protoplasts unless otherwise stated. Protoplasts were also prepared from a resistant (GCR 267) and a susceptible breeding line (GCR 26). GCR 267 is homozygous for the gene Tm-2 • that originated from a wild species, Lycopersicon peruvianum, and controls resistance to TMV (Alexander, I97I; Pelham, I972) . GCR 26 is homozygous for the recessive normal allele and is very susceptible to TMV. Both lines were established from L. esculentum cv. Craigella at Grasshouse Crops Research Institute, Sussex, U.K. The seeds were supplied to us by Dr K. Yamakawa, Vegetable and Ornamental Crops Research Station, Tsu, Japan, and propagated at Chiba Prefectural Agricultural Experiment Station, Chiba Prefecture, Japan.
Tomato seeds were sown in vermiculite, and 2o-day-old seedlings were transplanted into a mixture of soil and farmyard manure (3:I) in 6 inch pots. Plants were supplied with Knop's solution weekly. They were grown for about 4o days in a greenhouse in which the temperature ranged from 2o to 3o °C. In the winter, supplementary light was provided for 7 h from 5 p.m. to i2 p.m. by 'Daylight' fluorescent lamps, to which plants were exposed at ~ooo to 3000 lux.
Preparation ofprotoplasts. The third, fourth or fifth compound leaves, numbered from the lowest compound leaf, were excised and the lower epidermis of their leaflets was peeled off with forceps. The stripped leaflets were cut into small pieces (one leaflet into about 4 pieces) and were immersed in o'7 M-mannitol to avoid dessication before use.
Further procedure was similar to that of Watts & King 0973). Stripped leaf pieces from ten leaflets were immersed in 5o ml of a Macerozyme solution (Macerozyme Rio at 5 mg/ ml, potassium dextran sulphate at ~ mg/ml, and o'7 M-mannitol, pH 7"o adjusted with I N-KOH) in a 200 ml Erlenmeyer flask, infiltrated for 2 min in a vacuum vessel using an electric vacuum pump, and then shaken for 20 rain on a reciprocal shaker (4 cm stroke) at a frequency of 8o excursions/rain in a water bath at 35 °C. The Macerozyme solution was then decanted and replaced by 50 ml of a cellulase solution (Cellulase Onozuka Rio at Io mg/ml in 0"7 u-mannitol, pH 7"0 adjusted with t N-KOH). The reaction mixture was shaken at 35 °C at a frequency of 80 excursions/rain. Large numbers of protoptasts were released within 2. 5 h. The resultant suspension of protoplasts was filtered through nylon mesh and then through a double layer of surgical gauze, and centrifuged (at 60 g for 2 rain) in 50 ml round-bottomed centrifuge tubes. The protoplasts were resuspended in 0"7 Mmannitol and washed twice with the same solution.
Inoculation ofprotoplasts with TMV-L. The direct inoculation method of Motoyoshi, Watts & Bancroft 0 974 b) was used throughout this study. The concentrated stock of TMV-L was diluted, usually to ~o #g/ml in 0"7 M-mannitol. Poly-L-ornithine (mol. wt. ~ I3OOOO) was dissolved in 0"7 M-mannitol, usually a concentration of ~o #g/ml. A 2 ml sample of the poly-L-ornithine solution was added to 6 ml of 0"033 M-potassium phosphate buffer, pH 6"7 (unless otherwise indicated), and then a 2 ml sample of the TMV-L solution was added. The io ml mixture of TMV-L and poly-L-ornithine in phosphate buffer was shaken in a 50 ml round-bottomed centrifuge tube at 80 excursions/min, and after Io rain the mixture was poured quickly onto the pellet of protoplasts (2 to 6x Io 6 protoplasts) that had been prepared in a I5 ml centrifuge tube. Immediately after the protoplasts were suspended, the mixture of protoplasts and inoculum was poured back into the 50 ml round-bottomed centrifuge tube and diluted to 2o ml by adding Jo ml of 0"7 M-mannitol. The 2o ml mixture was shaken at 25 °C for I o min at 8o excursions/min. The final concentrations were ~/~g virus/ml, I #g/ml poly-L-ornithine, i to 3 x IO ~ protoplasts/ml, 0"7 M-mannitol and o.oI M-phosphate buffer, pH 6"7. In one experiment, o-ol M-citrate buffer was used instead of phosphate buffer to examine the effect of pH on infection.
Culture of inoculated protoplasts. The inoculated protoplasts were centrifuged (at 6o g for 2 min) and the pellet was washed 3 times by centrifuging in autoclaved o'7 M-mannitol containing IO 4 M-CaC12. The washed protoplasts were suspended in Io ml culture medium of Aoki & Takebe (I969) supplemented by 6x IO-SM-Fez(SO4)3, 3 x IO-aM-MnSO4, 2 x 2o -5 M-HaBOa, and I x IO 5 M-ZnSO~. Rimocidin and cephaloridin in Aoki & Takebe's medium were replaced by nystatin at 25 units/ml and carboxybenzyl penicillin at IOO/~g/ml (Motoyoshi et al. I974b) . The medium was adjusted to pH 7'o with I N-KOH. The protoplasts in the Io ml culture medium were placed in a 5o ml Erlenmeyer flask stoppered with aluminum foil and were incubated at 25 °C for a desired period under continuous illumination by 'White' fluorescent lamps (3ooo lux). The concentration of protoplasts was determined using a haemocytometer.
Fluorescent antibody. Fluorescent antibody (fluorescein isothiocyanate-conjugated im-
munoglobulin G) with a ring test titre of I/to24 and a dye/protein molecular ratio of 2. 5 was produced from an anti-TMV-L-rabbit serum with a titre of ~/4o96, using the method described by Otsuki & Takebe (I969a) . To minimize non-specific staining, the conjugated globulin was treated with acetone-extracted powder of tobacco leaves (cv. Samsun). Samples of infected protoplasts were prepared and stained as described by Motoyoshi et al. (1973) and examined using a Zeiss fluorescence microscope equipped with Osram HBO 2oo mercury lamp, exciter filter BG3 and barrier filters 44, 47 and -65 (Otsuki & Takebe, I969a ) .
Inoculation and culture of leaf discs. Leaves of GCR 26 and GCR 267, similar in size and age to those used for preparing protoplasts, were excised and their leaflets were dusted with Carborundum. They were inoculated, using a glass spatula, with a TMV-L suspension at a concentration of ioo #g/ml in o.I M-sodium phosphate buffer, pH 7"o. Discs measuring 7 mm in diam. were punched out from the blades of the inoculated leaflets with the aid of a cork borer, and floated on incubation medium in a Petri dish. The composition of this medium was the same as that used for the incubation of inoculated protoplasts, except that mannitol was omitted. The discs were incubated under the conditions described for protoplasts.
Virus assay. An 8 ml portion of the Io ml sample of protoplast suspension was centrifuged (at 60 g for 2 min), and the pellet was washed once with o'7 M-mannitol. The pellet was then suspended in r ml of o.I M-sodium phosphate buffer, pH 7"0, homogenized in a Potter's glass homogenizer at about I °C until the protoplasts were all broken. The homogenate was centrifuged at 15oo g for 5 min, and supernatant fluid was appropriately diluted with o.t M-sodium phosphate buffer, pH 7"0.
Infectivity was assayed on Nieotiana tabacum var. Xanthi-nc, as soon as the samples were prepared. Each sample was compared, on Io half-leaves of two plants, with purified virus at a concentration of o.oi #g/ml in o. I M-sodium phosphate buffer, pH 7"o, inoculated on the opposite half-leaves.
To examine virus growth in leaf discs, five inoculated discs in each treatment were homogenized using a mortar and pestle with 2 ml of o.I M-sodium phosphate buffer, pH 7"o. The homogenate was centrifuged, diluted and assayed for infectivity as described above. 
RESULTS

Preparation of protoplasts from tomato leaf mesophyll
The method of Takebe, Otsuki & Aoki 0968) was not suitable for preparing tomato protoplasts, because the initial shaking in Macerozyme solution killed a large proportion of the mesophyll cells (see also Otsuki & Takebe, I969 b) . The yield of protoplasts increased greatly when the method of Watts & King (r973) , which was devised for preparing pea protoplasts and also applied to tobacco mesophyll (Watts, Motoyoshi & King, I974) , was used and slightly modified. About Io leaflets from two leaves yielded about 4 to 6 x io 6 protoplasts, an amount sufficient for I to 2 inoculation treatments. Usually one experiment consisting of 6 to 8 treatments used about 4 o leaflets from 8 leaves.
The important modifications were as follows. 0 ) The stripped leaf pieces were treated with the Macerozyme solution for 2o min at 35 °C, instead of ~ h at 25 °C as used by Watts & King (~ 973) . Macerozyme appeared to be so toxic that it killed most of the tomato mesophyll cells in I h. (2) The pH of both Macerozyme and Cellulase Onozuka solution was raised to 7"o. Macerozyme appeared to be less toxic at pH 7"o than at lower pH's. In the cellulase solution, a lower pH such as 5"2, which is standard for preparing tobacco (Takebe et al. I968) or pea protoplasts (Watts & King, I973) , not only reduced the yield of viable protoplasts but caused aggregation of dead cells. The aggregates could not be separated from viable protoplasts by the usual washing procedure. These effects were apparent at any pH below 7"o, and were more conspicuous at lower pH's. At pH's higher than 7"o, the rate of release of protoplasts slowed down. A preparation of tomato mesophyll protoplasts prepared at pH 7"o is shown in Fig. I . with poly-L-ornithine at [ "o #g/ml, and
Factors influencing infection of tomato protoplasts with TMV-L Buffer and pH
With o'oi M-citrate as the inoculation buffer, the percentage of infected protoplasts decreased as the pH of buffer was raised (Table I ). Inoculation at pH 4"7 resulted in the highest percentage of infection, but this pH killed many protoplasts. The number of surviving protoplasts was less than 3o % of that at pH 5.2, 5"7 or 6.2, when counted immediately after the final washings. With o.or M-phosphate buffer, the effect of pH differed strikingly from that with citrate buffer (Table I ). The maximum infection frequency was found at pH 6"7, but infection occurred relatively efficiently from pH 5.2 to 7"7. With phosphate buffer few protoplasts were killed at any pH.
Concentration of ions
The percentage of infection decreased markedly with increasing concentration of phosphate buffer (Table 2 ). The molarity of o'oo5 provided the highest percentage of infection, but reduced protoplast survival. Hence, o-or M was taken as optimal for infection. Lower infection frequencies at molarity range of o.o2 to o'o3 may be attributed to high ionic strength, because the addition of o.oi to o.o2 M-potassium chloride to o.oi M-phosphate buffer also reduced infection ( Table 2) .
Concentration of virus and poly-L-ornithine
Tomato protoplasts were infected by TMV-L at substantially the same frequency within a virus concentration range from o.2 to 5 #g/ml. Below this range, the number of infected protoplasts decreased with virus concentration (Table 3) . As also shown in Table 3 , poly-Lornithine was necessary for infection of tomato protoplasts with TMV-L. Poly-L-ornithine at I #g/mI was optima~ for infection. Higher concentrations of poly-L-ornithine killed many protoplasts. With poly-n-ornithine at 3 and 5 #g/ml only 2o and 3 %, respectively, survived of those inoculated without poly-e-ornithine. Poly-L-ornithine at 2/~g/ml also killed a small proportion of protoplasts, but at o'5 and I #g/ml ahnost all the protoplasts survived. * Protoplasts were inoculated with TMV-L at ~ .o #g/ml together with poly-L-ornithine at I.O #g/ml, and were cultured for 48 h.
? Phosphate buffer with or without KC1 was adjusted to pH 6'7.
As scored by fluorescent antibody staining. Table 4 shows the typical growth of TMV-L in the protoplasts of Fukuju No. 2, a susceptible tomato. The infectivity initially found in protoplasts is obviously caused by inoculure particles that were absorbed to or had penetrated into protoplasts. Virus antigen was detectable in the protoplasts sampled at t 5 to i8 h or later. A nearly exponential increase of infectivity started by I5 h at the latest and lasted until about 3o h after inoculation. The rate of the increase then gradually slowed. Based on the assumption of the particle weight of 4 × IoV for TMV-L, the maximum yield of virus, which was reached after 2 to 3 days, was approx. I × Io ~ virus particles per infected protoplast, which is comparable with the * Protoplasts were inoculated with TMV-L at I #g/ml together with poly-L-ornithine at I/zg/ml in o.ol Mphosphate buffer, pH 6"7.
Typical growth pattern of TMV-L in tomato protoplasts
"~ Dilution of supernatant fluid of protoplast extract. Total number of lesions in IO half-leaves of Xanthi-nc. § Defined as:
Total number of lesions x dilution factor Total number of lesions with standard suspension of TMV-L at o.oi/zg/ml' yields reported for TMV in tobacco protoplasts (Takebe & Otsuki, 1969; Hibi & Yora, I972 ) . It is however possible that the virus yield was overestimated, because it is likely that the specific infectivity of the purified virus used as the standard inoculum was lower than that of virus in the protoplast samples.
Growth of TMV-L in protoplasts and in leaf discs of susceptible and resistant tomato lines
GCR 267 is a resistant breeding line of tomato which is homozygous for the gene Tm-2 • that is responsible for TMV-resistance, and GCR 26 is a susceptible parent line of tomato which is homozygous for the normal allele of this gene. As shown in Table 5 , the protoplasts of GCR 267 could be infected with TMV-L as readily as those of GCR 26. A difference of 16 % in infection frequency was observed between GCR 26 and 267. In a few repeated experiments, however, the percentages of infection were nearly the same for the two breeding lines. Thus the difference in Table 5 does not seem to be important. There was also no substantial difference in virus growth pattern. Using the assumptions mentioned above, virus yield per infected protoplast was I"4× lO 6 particles with GCR 26 and I.o × I@ particles with GCR 267 at the end of the experiment. The presence of Tm-2 ~ gene therefore does not prevent the infection and multiplication of TMV-L in protoplasts.
Completely different results were obtained in experiments using leaf discs; TMV-L multiplied much more rapidly in the leaf discs of GCR z6 than in those of GCR 267 (Table 6 ). In Expt. I (Table 6) , the infectivity increased 28o-fold within 2 days in discs of GCR 26 and continued to increase further. In the discs of GCR 267, however, infectivity increased only z'5-and ninefold after 48 and 72 h, respectively. The infectivity in the discs of GCR 267 * Protoplasts were inoculated with TMV-L at r #g/ml together with poly-e-ornithine at i #g/ml in o'oI M-phosphate buffer, pH 6'7.
t, $, § See footnotes, Table 4 . protoplasts isolated from mesophyll cells of inoculated 1" Total number of lesions in Io half-leaves of Xanthi-nc inoculated with homogenate of 5 leaf-discs in 50 ml of o.I M-phosphate buffer, pH 7'o.
$ Total number of lesions produced by homogenate of leaf discs divided by total number of lesions produced by standard suspension of TMV-L at o.oI/tg/ml. § Lesions too numerous to count.
was only I ~ of that in GCR 26 discs when compared at 48 h after inoculation. These results indicate that the resistance controlled by Tm-2 ~ is expressed in leaf discs of GCR 267. In Expt. 2 (Table 6 ) the resistance of GCR 267 was expressed even more clearly than in Expt. ~ ; infectivity in GCR 267 discs did not show any increase by 54 h after inoculation. Neither was any fluorescence detected by fluorescent antibody staining in the mesophyll protoplasts isolated from GCR 267 leaf discs cultured for 54 h, indicating that leafmesophyll cells contained little or no virus. This is in marked contrast to the results with GCR 26 discs, in which I4 ~o of mesophyll cells contained TMV antigen at 54 h after inoculation, and extracts of the protoplasts isolated from GCR 26 discs at 54 h after inoculation contained an infectivity corresponding to 2 × IO 6 particles per infected cell. Watts & King (I973) with some modifications was successfully applied in the present work to tomato mesophyll, but has the shortcoming that the protoplasts are obtained from a mixture of palisade and spongy mesophyll cells, and hence are less homogeneous than those obtained by the 'two-step' method of Takebe et al. (1968) which produces protoplasts almost exclusively from palisade cells. Moreover, the greater number of leaves necessary (40 leaflets on 8 leaves for example) also contributes to heterogeneity of age and metabolic state of the protoplasts.
With tomato protoplasts, the percentage of infected protoplasts as scored by fluorescent antibody staining was commonly between 3o and 5o even under the most suitable inoculation conditions. This percentage is substantially lower than those usually obtained with tobacco protoplasts inoculated with TMV or with other viruses (Otsuki, Shimomura & Takebe, 197z; Motoyoshi et al. 1973 ; Otsuki & Takebe, 1973 ; Kubo, Harrison & Robinson, I974; Motoyoshi, Bancroft & Watts, I974a; Motoyoshi & Hull, I974; Otsuki et al. I974) . This may reflect the greater heterogeneity on the tomato protoplasts than of tobacco protoplasts as mentioned above.
The pH of the enzyme solutions was of critical importance for isolating protoplasts from tomato mesophyll. The lower pH's tended to cause aggregation of dead cells during prolonged digestion. When tomato protoplasts were inoculated with virus, however, the comparatively brief exposure, e.g. IO min, of protoplasts to citrate or phosphate at low pH killed few of them, except with citrate buffer at pH 4'7.
The advantage of phosphate over citrate as the inoculation buffer for protoplasts was first reported by Kubo et al. (1974) . With tomato protoplasts, o.oi M-phosphate buffer, pH 6"7, was the most useful, because it effected a high level of infection without causing damage to protoplasts.
The efficiency of infection was influenced by the concentrations of poly-L-ornithine, phosphate and other ions as well as by the pH of inoculum buffer. In previous reports (Motoyoshi et al. I974a; Otsuki et al. I974) , it was suggested that one of the possible roles of poly-L-ornithine in enhancing virus infection of protoplasts is to decrease the negative or increase the positive charge of virus particles by interacting with virus, so that the net charge of the virus became sufficiently positive to allow its adsorption to the negatively charged protoplast surface. It is also reasonable to suppose that the changes in electrostatic field introduced by ionic components, pH's and ion concentrations affect the interaction of virus and poly-L-ornithine, as well as the adsorption of virus to the protoplast surface, and thereby influence the frequency of infection.
Cirulli & Alexander (I969) reported that tomato plants homozygous for Tm-2~ were resistant to TMV infection, being symptomless usually regardless of temperature regime and virus strain used, and plants heterozygous for this gene (Tm-2~/+) were symptomless at I5 to I7 °C but at 26 to 28 °C showed necrosis that was exhibited usually on leaflets, petioles, stems and roots, and sometimes in the top of plants and on the fruit. The dominance of Tm-2 a over other alleles was reported by Pelham 0972). GCR 267 is homozygous for the Tm-2 a gene; its leaf discs were resistant to TMV-L without necrosis not only at 25 °C but also at 35 °C (N. Oshima & F. Motoyoshi, unpublished data) . The resistance at 25 °C was apparent at I day after inoculation and persisted at least until 3 days after inoculation. Unexpectedly, however, TMV-L was shown to infect leaf mesophyll protoplasts of the resistant tomato GCR 267 as readily as those of the susceptible tomato lines GCR 26 and Fukuju No. 2. There was no substantial difference in pattern of virus growth and final yield of virus between the protopIasts of susceptible and resistant lines. These results indicate that the gene Tm-2 ~ is incapable of controlling growth of TMV-L in tomato protoplasts in the culture conditions used.
Otsuki et al. (I972) reported that the necrosis was not expressed in TMV-inoculated protoplasts of tobacco carrying the N gene, and that TMV could grow in them as rapidly as in the protoplasts of susceptible tobacco. They also found that TMV multiplied as actively in leaf discs of the necrosis producing variety as in those of the non-necrosis-producing variety during the first day after inoculation, then slowed down as soon as the necrotic lesions formed.
The present study clearly showed that the resistance to TMV infection controlled by the gene Tm-2 • is not caused by inability of mesophyll cells to support virus growth. Although a similar conclusion has been reached with the N gene in tobacco (Otsuki et al. I972) , the nature of resistance controlled by the genes Tm-2 a and N is probably different. With Tm-2 ~, the limitation of virus multiplication in leaf discs was apparent from the beginning (Table 6) We wish to thank Dr I. Takebe and Dr Y. Otsuki for helpful advice.
